Individual variation in infection modulates both the dynamics of pathogens and their impact on host populations. It is therefore crucial to identify differential patterns of infection and understand the mechanisms responsible. Yet our understanding of infection heterogeneity in wildlife is limited, even for important zoonotic host-pathogen systems, owing to the intractability of host status prior to infection. Using novel applications of stable isotope ecology and eco-immunology, we distinguish antecedent behavioural and physiological traits associated with avian influenza virus (AIV) infection in free-living Bewick's swans (Cygnus columbianus bewickii ). Swans infected with AIV exhibited higher serum d 13 C (225.3 + 0.4) than their non-infected counterparts (226.3 + 0.2). Thus, individuals preferentially foraging in aquatic rather than terrestrial habitats experienced a higher risk of infection, suggesting that the abiotic requirements of AIV give rise to heterogeneity in pathogen exposure. Juveniles were more likely to be infected (30.8% compared with 11.3% for adults), shed approximately 15-fold higher quantity of virus and exhibited a lower specific immune response than adults. Together, these results demonstrate the potential for heterogeneity in infection to have a profound influence on the dynamics of pathogens, with concomitant impacts on host habitat selection and fitness.
INTRODUCTION
Pathogens can play a significant role in shaping host behaviour, fecundity, population dynamics and community composition [1, 2] . Yet hosts inevitably vary in their exposure and sensitivity to pathogenic infection. The way in which infection varies between individual hosts is fundamental to the transmission and maintenance of pathogens, as well as their impact on host fitness [3] [4] [5] [6] . It is therefore crucial to identify differential patterns of infection and understand the mechanisms responsible.
Factors driving heterogeneity in infection may manifest themselves through variation in exposure to a pathogen, or variation in susceptibility to infection once the pathogen has been encountered [7] . For example, abiotic factors such as moisture and salinity can influence the persistence and transmission of pathogens [8, 9] . As a result, pathogen exposure has been suggested to vary between biomes, with arctic, alpine and marine habitats anticipated to support lower pathogen density and diversity than temperate, tropical or freshwater habitats [10 -12] . Furthermore, given that hosts often encounter their pathogens while feeding [13] , the habitat in which a host forages is likely to influence its exposure to various pathogens. Following exposure, the likelihood that a host becomes infected and its level of pathogenesis following infection may also vary between hosts. Host age, prior infection(s) and physiological condition, particularly immunocompetence, have been suggested to influence a host's susceptibility to infection, with ramifications for disease dynamics in host populations [3, 14] . Yet quantitative data on host foraging behaviour, condition and immunocompetence prior to infection have proven largely intractable in free-living populations.
Our knowledge gap is particularly apparent in migratory species, presumably because of logistic constraints in following them throughout the annual cycle and linking behaviour and physiology over such large spatial scales [15] . Yet these migratory movements may connect pathogen populations in disparate habitats [16] and at the same time expose migratory hosts to a high diversity of pathogens [17] . Moreover, migrants play host to a number of zoonotic pathogens of importance to humans. Understanding the drivers and consequences of disease epidemics in migratory hosts therefore remains a major frontier in ecology [18] .
Certain abiotic conditions have long been considered crucial to the persistence, transmission and maintenance of a number of zoonotic pathogens [19] , including avian influenza virus (AIV) [20, 21] . Freshwater has been found to provide an ideal medium for the indirect faecal -oral transmission of AIV, which replicates in the gastrointestinal and/or respiratory tract of their hosts [22, 23] . In addition, members of the Anseriformes and Charadriiformes that occupy aquatic habitats are regarded as the reservoir for all low-pathogenic AIV strains [23] ; and laboratory and field observations reveal that AIV can persist for extended periods in freshwater [21, 24, 25] . Together, these findings suggest that exposure to AIV may be linked to aquatic foraging behaviour of individual hosts. Furthermore, Hinshaw et al. [26] found that a higher proportion of juvenile ducks were infected with AIV than adults, leading to the suggestion that immunological naivety may also be fundamental to the epidemiology of avian influenza.
Because low-pathogenic AIV infections generally proceed without clinical signs, these viruses have historically been considered non-pathogenic to their waterfowl reservoir [23] . However, recent field evidence suggests that infection with AIV may entail significant fitness costs to individual free-living birds, including reduced body mass and food intake rates, as well as delayed migration [27, 28] . In addition, AIV circulating in wild birds represent a primordial source for influenza virus infection in humans and domestic livestock [29, 30] . Identification of wild birds at risk of infection and factors driving the transmission and maintenance of AIV are therefore critical to understanding the epidemiology of this zoonotic disease in its natural hosts and assessing its ecological consequences.
We uniquely employ stable isotope ecology and ecoimmunology to divulge pre-infection status in a natural AIV host species, the Bewick's swan (Cygnus columbianus bewickii, Yarrel). Given that the stable isotope composition of an animal's tissues archive dietary isotope composition, and hence foraging habitat, during tissue synthesis [31] , stable isotope analysis affords unparalleled insight into the importance of antecedent foraging behaviour to infection risk [32] . Information on the intensity of these infections, combined with the individual's ability to mount a specific immune response, is then used to reveal marked variation in host susceptibility. Together, these methods unveil unprecedented information on variation in host exposure and susceptibility to a major zoonotic disease in a natural host species.
MATERIAL AND METHODS
(a) Capture and sampling Bewick's swans were captured six to eight weeks after arrival on their Dutch wintering grounds over five successive winters (2005) (2006) (2007) (2008) (2009) inclusive; electronic supplementary material, table S1). Each catch event targeted a single, cohesive flock of 200-400 swans foraging on sugar beet remains. Birds were aged as juveniles (6 months of age; n ¼ 39), yearlings (n ¼ 10) or adults (n ¼ 133) on the basis of plumage, and sexed using molecular methods [33] . We sampled approximately 1 ml of whole blood from the brachial or tarsal vein, and collected cloacal and oropharyngeal swabs to test for current infection with AIV using sterile cotton swabs subsequently stored in Hank's Balanced Salt Solution. Blood samples were allowed to clot before being centrifuged approximately 6 h later. Red blood cells were stored in 70 per cent ethanol and, together with serum samples, maintained at 2208C until analysis.
(b) Virus and antibody detection To estimate population prevalence of AIV with greater accuracy, we collected and swabbed fresh droppings from the capture site immediately after removing swans from the net (electronic supplementary material, table S1). Presence of AIV in the live bird and dropping samples was tested using a real-time reverse transcriptase polymerase chain reaction assay targeting the matrix gene [29] . The degree of viral shedding was assessed using the cycle threshold (C T ) value, where C T is the first real-time amplification cycle in which matrix gene amplification was detectable. Therefore, C T value is inversely proportional to the number of virions in the sample. Three cycles represent a log 10 difference in genome copies. The presence of antibodies to nucleoprotein (NP) in individual serum samples was tested using a commercially available blocking enzyme-linked immunosorbent assay (bELISA MultiS-Screen Avian Influenza Virus Antibody Test Kit, IDEXX Laboratories) with absorbance measured at 620 nm using a Tecan infinite 200 plate reader. All samples were run in duplicate, in combination with supplied positive and negative controls. Sample signal to noise ratios (sample mean absorbance divided by negative control mean absorbance) greater than 0.5 were considered negative for the presence of antibodies to NP.
(c) Stable isotope analysis Bewick's swans forage in terrestrial and aquatic habitats throughout autumn migration and early winter [34] . In early winter, the majority of individuals rely on terrestrial food sources, with a minority also foraging on aquatic vegetation [33, 35] . Importantly, the carbon stable isotope composition, d [33, 35] . As a result, d
13
C of Bewick's swan tissues can be used to infer an individual's habitat use across the aquatic-terrestrial continuum. Furthermore, the period required to incorporate a specific isotope pattern from diet into body tissue, known as turn-over time, depends on the speed of tissue renewal and determines the temporal window during which changes in the isotopic composition of an animal's diet can be discerned [31] . Blood components show rapid turn-over and therefore archive information on an individual's diet, and hence foraging habitat, in the foregoing days (plasma) to weeks (red blood cells) [36] . Given that infection persists for 3-8 days in free-living ducks [27] , d 13 C of blood components was examined to assess the importance of temporally relevant foraging behaviour to intra-population variation in AIV infection. Sub-samples of red blood cells and serum were freeze-dried before 200-500 mg was analysed for d [37, 38] . All tissue d
C values were transformed to achieve normality before statistical analysis. figure 1) .
RESULTS
At the time of capture, 15.4 per cent (95% CI: 10.4, 20.4) of swans were found infected with AIV. Prevalence estimates were substantially higher in juveniles (30.8%; 95% CI: 17.9, 46.2) than in adults (11.3%; 95% CI: 6.0, 16.5; figure 2) ; only one of the 10 yearlings was infected. Parents were no more likely to be infected than were adults without offspring (x 2 ¼ 1.66, p ¼ 0.197). There was no effect of sex or year in any of the statistical models. Antibodies to NP were detected in 81.4 per cent of the swans (95% CI: 75.9, 86.9), with the vast majority of adults (93.0%; 95% CI: 88.8, 96.7) and yearlings (70.0%; 95% CI: 51.7, 86.2) being seropositive. In contrast, less than half of the juveniles were seropositive (41.0%; 95% CI: 43.6, 74.4; x 2 ¼ 46.62, p , 0.001; figure 2 ). All but two of the 15 adults who were infected had detectable antibodies to NP, whereas only half of the infected juveniles (six of 12) were seropositive. Of those who had detectable antibodies to NP, the signal to noise ratio of the bELISA differed between adults (median: 0. S2 ). There was an interaction between age and tract: adults had lower C T from the cloaca compared with the oropharynx, whereas juveniles showed substantially lower C T in the oropharynx compared with the cloaca (figure 3), indicating approximately 150-fold higher virus concentrations in juvenile compared with adult oropharynges. Finally, there was an interaction between serum d 13 C and tract, with a negative relationship between serum d 13 C and C T for oropharyngeal infections, but no relationship for cloacal infections.
The infection risk of a flock of swans (a single capture event) was also related to the flock's demographic makeup. Prevalence estimated from the proportion of birds infected mirrored prevalence estimated from the proportion of droppings infected (log-transformed to achieve normality; r 2 ¼ 0. 
DISCUSSION
Environmental conditions, host condition and host infection history have been hypothesized to be just as critical to the outcome of infection as parasite traits. Environmental and host conditions are therefore of fundamental importance to the transmission, maintenance and ecological impacts of pathogen infection [3, 6] . Yet analyses of disease dynamics use average quantities to describe hostpathogen systems [3, 4] , primarily because heterogeneity in infection at the individual level has rarely been examined in wildlife systems. Using AIV in free-living Bewick's swans as a model system, we uniquely demonstrate that differences in host behaviour, as well as age and immunocompetence, are linked to infection risk. These differences entail broad-scale ramifications for both the transmission and maintenance of the pathogen, as well as the fitness costs imposed on the host population.
(a) Age and immunocompetence Juvenile Bewick's swans were more than three times as likely to be infected with AIV as contemporaneously sampled adults ( figure 2) . Similarly, at the population level, we found that flocks that contained a higher proportion of juveniles also exhibited a higher prevalence of infection. Bewick's swans show extended parental care such that juveniles remain with their parents throughout autumn migration and overwintering. However, adults with attendant juveniles were no more likely to be infected than adults without offspring, suggesting that the higher infection risk in juveniles may be more related to differential susceptibility to infection than differential exposure to AIV.
Hinshaw et al. [26] suggested that immunological naivety may play an important role in the epidemiology of AIV in wild birds. However, despite more than 30 years of additional research, the importance of age and immunocompetence has remained largely theoretical. Strikingly, we found that juveniles were less likely to exhibit a detectable specific immune response while infected than adults (figure 2). Furthermore, of the individuals who did show a detectable response, bELISA values indicated that juveniles exhibited substantially lower blocking activity in the assay. Such differences may be the result of ontogenetic differences in the immune system or age-related differences in infection history. The presence of antibodies to homo-and hetero-subtypic AIV strains has been shown to decrease the duration of subsequent infections in the laboratory [39, 40] . Moreover, even if antibodies to prior infection(s) have waned, as appears to be the case for antibodies to AIV NP [41] , the immune responses of individuals who have previously experienced AIV infection may differ from that of naive individuals. Individuals who have previously been infected with AIV may mount a more rapid immune response, and thus be more likely to show detectable antibodies while infected, than naive individuals. Simultaneously, individuals who have previously been infected may also mount a more robust immune response to subsequent infection, with higher binding activity in the bELISA assay, than naive individuals. As a result, individuals who have already experienced AIV infection (i.e. adults) would be expected to be infected for a shorter period, and hence show lower prevalence as a cohort, as demonstrated here.
Once infected, juveniles also shed a greater quantity of virus than adults, especially from the oropharynx (figure 3). Costa et al. [42] experimentally demonstrated that among naive, one-to four-month old mallards (Anas platyrhynchos), shedding decreased with age. Furthermore, the intensity of viral shedding in laboratory-reared mallards has been shown to be 1-5 log 10 lower following hetero-subtypic reinfection than following a primary inoculation [39, 40] . When paired with these experimental results, our findings from free-living Bewick's swans uniquely demonstrate that both age and lack of prior exposure to AIV result in juveniles experiencing longer and more intense infections than adults. Such increased susceptibility to infection implies that juvenile birds are of critical importance to the transmission and maintenance of AIV, and are likely to be more vulnerable to any sub-lethal effects of infection.
(b) Host behaviour Numerous pathogens require water and/or high humidity to complete certain phases of their life cycles, such that infection risk may be higher in moist, aquatic environments [9] . Indeed, proximity to surface water has repeatedly been linked with disease risk in humans (e.g. [12, 43] ). Data from wildlife are more scarce; however, species using freshwater rather than marine wintering habitats showed higher prevalence of blood parasites on the breeding grounds [44, 45] . Aquatic environments are considered critical to the persistence of AIV [21, 23] and are thought to play an important role in viral transmission [22, 46] . Correspondingly, our stable isotope data uniquely demonstrate that the abiotic requirements of the pathogen result in heterogeneity in pathogen exposure within a species, owing to differences in host foraging behaviour. While very few Bewick's swans forage exclusively in aquatic habitats during winter [33] , those that continue to nocturnally forage in aquatic habitats while diurnally foraging in terrestrial habitats have been shown to be maximizing their foraging potential [34] . However, this foraging strategy, resulting in tissue d
13 C values being higher than those for terrestrial vegetation, was associated with higher risk of infection within a given age class (figure 1). While some individuals who used aquatic habitats were not infected, the vast majority of individuals who were infected had used aquatic habitats in the foregoing days (indicated by serum d 13 C) and weeks (red blood cell d 13 C). These results suggest that aquatic foraging exposes individuals to a higher risk of infection with AIV, adding to the meagre body of evidence demonstrating the potential for hosts to encounter free-living pathogens or vectors while foraging [13] . Host foraging behaviour and habitat use will therefore play a fundamental role in modulating pathogen transmission.
In demonstrating a link between AIV infection and individual foraging habitat, we also underscore the potential for habitat selection to be modulated by infection risk [10, 18] . Aquatic habitats provide Bewick's swans with abundant, high-quality food resources, longer foraging times and shelter from predation [34] . These habitats have also been associated with higher body condition prior to spring migration, as well as increased breeding success [33] . Such superior foraging conditions in aquatic habitats suggest that it is unlikely that individuals using aquatic foraging strategies are more susceptible to infection. Instead, our data suggest that aquatic foraging exposes individuals to a higher risk of infection with AIV. Because AIV may impose subtle reductions in host fitness [27, 28] , the benefits of aquatic foraging must be weighed against the cost of increased exposure to AIV infection. Bewick's swans will therefore face multi-faceted trade-offs when selecting foraging habitats during migration and overwintering. Crucially, habitat-infection risk trade-offs are likely to operate differentially among individuals within a population, modulated by the underlying condition of the host and its ability to cope with infection. As juveniles appear more susceptible to infection, infection risk may be of fundamental importance to the foraging decisions of families.
Factors governing disease epidemics in natural host populations and their long-term consequences for host behaviour, life history and biogeography remain an important frontier in ecology and epidemiology. By distinguishing host-specific behavioural and physiological traits associated with AIV infection, we reveal the potential for heterogeneity in infection to have profound influence on the dynamics of pathogens and their ecological consequences for host populations.
Swans were handled under approvals CL04.02, CL06.06 and CL08.05 from the Animal Experimentation Committee (DEC) of the Royal Netherlands Academy of Arts and Sciences (KNAW), and all efforts were made to minimize any suffering throughout the study.
